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We have studied the activity of system A transport in skeletal muscle during experimental diabetes. Five days after streptozotocin jection, rats 
showed a marked hyperglycemia and a substantial decrease in the content of GLUT-4 protein in skeletal muscle and adipose tissut¢, Under these 
conditions, basal uptake of 2-(methyl)aminoisobutyric ac d(MeAl B), an index of system A transport activity, was enhanced incxt~msor digitorum 
longus (EDL) muscles from diabetic rats compared to controls. Furthermore, insulin-stimulated MeAl13 uptake by the incubated EDL and soleus 
muscles was markedly greater in diabetic than in control rats. The derepressiv¢ phase of adaptive regulation was partially blocked in the diabetic 
muscle, and incubation of muscles for 3 h in the absence of amino acids led to a lower stimulation ofsystem A tnmsport activity in muscles from 
diabetic groups compared to controls, We propose that the activated system A might participate in the enhanced alanine release from muscle cells 
that occurs in diabetes. 
GLUT-4; System A transport; Amino acid transport; Diabetes; Skeletal muscle 
1. INTRODUCTION 
System A transport activity for neutral amino acids 
is subject to hormonal regulation, trans-inhibition, and 
adaptive regulation in a variety of cell types [1-3]. In 
skeletal muscle, system A transport activity is stimu- 
lated in response to amino acid starvation by a mecha- 
nism that requires protein synthesis and microtabular 
function [4-6]. System A transport activity is rapidly 
activated in skeletal muscle by insulin [7], acute exercise 
[8], vanadate and alkalinization of intracellular pH [9]. 
In skeletal muscle, the effect of insulin on system A 
transport activity is independent of protein synthesis, 
adaptive regulation, microtubular function and the so- 
dium electrochemical gradient [6,10-12]. 
Here, in an attempt o obtain further insight into the 
regulatory characteristics of system A transport activity 
in skeletal muscle, we have evaluated the effect of" acute 
streptozotocin-induced diabetes, a situation in which 
protein synthesis is markedly decreased [13,14], protein 
degradation has been reported to increase [15,16] and 
amino acid release is enhanced [17]. 
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Abbreviations: EDL, extensor digitorum Iongus; MeAIB, 2-(methyl)- 
aminoisobutyric acid; SDS-PAGE, sodium dod¢cyl ~ulfat~-polyacryl- 
amide gel eleetrophoresis; HEPES, N-[2-hydroxyethyl]piperazine.N'- 
[ethanesulfonic a id]. 
2. MATERIALS AND METHODS 
2.1. Animals attd dissection procedures 
Male Wistar rats (50--60 g) from oar own colony were fed on Purina 
Laboratory chow ad libitura nd housed in animal quarters at ~*C 
with a 12 h light/12 h dark cycle. Diabetes was produced by an i.p. 
injection of streptozotocin (150 m~kg body weight) 5 days before the 
study. The dissection and isolation of ti,e extensor digitorum Iongus 
(EDL) and soleus muscles were carried out under anaesthesia with 
pentobarbital (5-7 mg/100 g body wt, i.p.) as described [181. 
2.2. Musch~ inc~bations 
EDL and soleus muscles were incubated ina shakin8 incubator at 
37°C for 1.5-3 h in 3 ml of Kreb's-Henseleit buffer, pH 7.4, containing 
5 mM glucose, 0.2% bovine serum albumin and 20 raM HEPE$, as 
described [10]. Insulin (100 riM) was added to the incubation medium 
during the last 60 rain of the incubation period. Amino acid uptake 
by system A was measured in muscles using the non-metabolizable 
amino acid analog, 2-(methylamino)isobutyrie acid (MeAIB). Follow- 
ing incubation with insulin, muscles were transferred to vials with 1.5 
ml of Kreb's-Henseleit buffer, pH 7.4, containing 5 mM glucose, 0.2% 
bovine serum albumin, 20 mM HEPE$ and 0.1 mM [I-IJCIMeAIB 
(800,uCi/mmoi), ! mM [~Hlmannitol (330/zCi/mmol) and insulin (I 00 
nM). The vials were stoppered and incubated at 37°C in a shaking 
incubator for 30 min. The uptake of MeAlS wtm l iner with time for 
at least 30 min. The gas phase in the vials was 95% 0.~ and 5% CO.,. 
Following incubation, the muscles were pro~.~igl as reported [10]. 
lntracellular concentration f [~4CIMeAIB in the extracellular space 
was calculated from the total label found in tigsu¢, as in [10]. 
2.3. Preparation of membrane fractions flora tissues 
Tissues were homogenized in 10 vols. ice-cold buffer containing 25 
mM HEPES, 250 mM sucrose, 4 mM EDTA, I trypsin inhibitory 
U/ml aprotinin, 25 mM benzamidin¢, 0.2 mM PMSF, 1/tM leupeptin 
and I /~M pepniafin, pH 7.4. Homogenates from white and brown 
adipose ti~ue were centrifuged at 5,~%d'~ × g for 5 rain at '!.*C. The 
supernatant was then centrifuged at 150,000 x g for 2 h at 40C to 
obtain the membrane fractions. The homogenates from tibialis anteri- 
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otis muscle were centrifuged at 15,000 x g for 20 rain at 4°C. The 
supernatants were adjusted to 0.8 M KCI, incubated at 4°C lbr 30 min, 
and then centrifuged for 90 rain at 200,000 x g at 4°C to obtain the 
membranes. The membrane pellets were resuspended in homogeniza- 
tion buffer and rept:atcdly passed through a 2~ gauge needle before 
storage at -20°C. Proteins were measured by the method of Bradford 
[19] using gamma-globulln asa standard. 
2.4. Electrophoresis and immunoblotttng of membranes 
SDS-PAGE was ~rformed on membrane proteins in accordance 
with the method of Laemmli [20]. Proteins were transferred to lmmo- 
bilon as previously reported 116] in buffer consisting o1"20% methanol, 
200 mM glycin¢, 25 mM Tris, pH 8.3. Following transfer, the filters 
were blocked with 5% non-fat dry milk and 0.02% sodium azide in PB8 
for 1 h at 37"C and incubated with polyelo,ml antibody, OSCRX, 
raised against he 15C-terminal peptide from GLUT-4 for the same 
time at the same temperature. Transfer was confirmed by Coomassie 
blue staining of the gel after the eleetroblot. OgCRX, purified by 
protein A chromatography, was used at 5-10/~g/ml in1% non-fat dry 
milk and 0.02% sodium azide in PBS for immunobloning. Antlbod~,- 
antigen complexes were detected with [karl]protein A and autoradi- 
ography, The autoradiograms were quantified using scanning den- 
sitometry (Ultrasean × L enhancer laser densitometer, LKB). lm- 
munoblots were performed under conditions inwhich autoradiogra- 
phic detection was in the linear response range, and data were ex- 
pressed as a percentage ofcontrol values. 
3, RESULTS AND DISCUSSION 
We studied the effect of diabetes on the activity of 
system A transport in skeletal muscle. To this end, we 
injected 150 mg of streptozotocin per kg of body weight 
to young male Wistar rats (Table I). Alter 5 days of 
streptozotoein injection, rats showed marked hypergly- 
cemia and a decreased growth rate, as assessed by body 
weight gain and EDL and soleus muscle weight (Table 
I). Under these conditions, diabetes led to a marked 
decrease in the content of GLUT-4 in white adipose 
tissue, brown adipose tissue and skeletal muscle, as de- 
termined by immunoblot (Fig. 1). The extent of the 
decrease was greater in white adipose tissue than in 
brown adipose tissue or skeletal muscle (Fig. 1). These 
results are in keeping with previous observations per- 
formed in adult rats after 7 days of streptozotocin ad- 
ministration [21-23]. 
System A was assessed by the uptake of the non- 
metabolizable analog, 2-(methyl)aminoisobutyric a id 
Table 1 
Characteristics of control and diabetic animals 
Control Diabetic 
Initial body weight (g) 
Final body weight (g) 
Blood glucose (mM) 
Weight of EDL muscles (ms) 
Weight of so!e".s muse!es (rag) 
48 -+2 (8) 52 Z2 (19) 
73 :t:5 (8) 59 ±3 (18) * 
9.0±0.4 (10) 32.2+_0.7 (21)* 
33.2__.1.1 (24) 25.3-+i.3 ( 2)* 
30.3+-!.! ( 0) 24.1+-1.5 (9)* 
Values are mean ± S.E.M. for 8-21 rats (number of observations are 
in brackets). *Significant dilTerchce between control and dla- 
boric groups, at P < 0.05. 
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Fig. 1. Effect of diabetes on the expression of GLUT-4 protein in 
adipose tissue and muscle. Membrane proteins were purified from 
epididymal white adipose tissue (WAT), brown adipose tissue (BAT) 
and tibialis anterioris muscle obtained from control (C) and 5-day 
streptozotocin-indueed diabetic rats (D); 100/¢g of membrane proteins 
from control or diabetic rats was applied on gels. After blotting, 
GLUT-4 protein was detected by incubation with polyclonal anti- 
body, OSCRX, raised against the C-terminus ofGLUT-4. A represen- 
tative autoradiogram is shown. GLUT-4 detected by OSCRX exhib. 
ited an apparent molecular weight of 45 kDa, 
(MeAIB), in the incubated soleus muscle (mainly com- 
posed of slow-twitch red fibers) and EDL muscle 
(mainly composed of fast-twitch white fibres) and EDL 
muscle (mainly composed of fast-twitch white fibres) of 
control and 5-day diabetic rats. Initially, incubation of 
muscles was performed for 90 min, which was not long 
enough to show the triggering of adaptive regulation of 
system A transport activity [10]. Under these condi- 
tions, in EDL muscle, the diabetic group showed an 
enhanced MeAIB uptake compared to controls both in 
the absence (53% increase) and presence of insulin (53% 
increase) (Fig. 2). In soleus muscle, a significant rise in 
MeAIB uptake was noted in the diabetic group in the 
presence (54% increase) but not in the absence of insulin 
(Fig. 2). The increase in system A transport activity 
deteeteo indiabetes as not a consequence of differences 
in muscle size (Table I). Thus~ when data from control 
rats were considered, in which the EDL muscle weight 
varied over a wide range, no correlation was found 
between MeAIB uptake and EDL muscle weight (data 
not sho,.vn). It should be noted that insulin-induced 
MeA1B uptake was markedly greater in the diabetic 
En, and soteus . . . . .  ,o~ ~han ~.~ eom,ol groups (rrlg 9~. 
thus, the activatory effect of insulin was 102% and 174% 
in soleus muscles from control and diabetic groups, 
respectively, and 133% and 172% in EDL muscles from 
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Fig. 2. Effect of diabetes on basal and insulln-stiraulated McAIB 
uptake by soleus and EDL muscle, Results are means + S.E.M. for 
6-10 observations per firoup. EDL and soleus muscles from control 
and 5-day streptozotocin-induced diabetic rats were incubated for 90 
rain in the absence (open bars) or presence of 100 nM insulin (striped 
bars) during tb~ last 60 rain of incubation. In the last 30 rain of the 
incubation period, the MeAl B uptake was asst':zcd. "Significant differ- 
ence between control and diabetic groups, at P < 0.05. 
control and diabetic groups, respectively. The increase 
in MeAIB uptake by muscle of diabetic rats was not due 
to an alteration in the interstitial space as assessed by 
data of mannitol distribution volume (data not shown). 
We next determined whether the adaptive regulation, 
i.¢. the activation of system A in response to amino acid 
starvation [4,5] was altered in the diabetic muscle. To 
that end, EDL muscles were incubated for 90 or 180 min 
in the absence of amino acids. In keeping with previous 
observations [4,5,10], the basal uptake of MeAIB was 
markedly enhanced incontrol EDL muscles by increas- 
ing the total incubation time (Fig. 3). The diabetic mus- 
cle also responsed to amino acid starvation by increas- 
ing the uptake of MeAIB (Fig. 3). However, the extent 
of the increase was markedly lower in the diabetic mus- 
cle (54% increase) than in the control group (122% in- 
crease) (Fig. 3). Under these conditions (derepressive 
phase of adaptive regulation), insulin again caused a 
greater stimulatory effect on MeAIB uptake in EDL 
muscles from diabetic rats (203% increase) than in con- 
trois (97%) (Fig. 3). 
Our results indicate the existence of substantial mod- 
ifications in the regulatory pattern of system A in skel- 
etal muscle from acutely diabetic rats. This is based on 
the following observations: (i) diabetes causes an en- 
hancement in the muscle transport activity of system A 
maximally stimulated by insulin, (ii) basal system A 
transport activity is either enhanced in EDL muscle or 
unaltered in soleus muscle from diabetic rats, and (iii) 
adaptive regulation of system A is impaired in the dia- 
betic muscle, perhaps due to the enhanced muscle con- 
centrations of amino acids found in this condition [24]. 
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Fig. 3, Effect of adaptive regulation on basal and insulin-stiraulated 
MeAIB uptake by EDL muscles from control and diabetic rats. Re. 
suits are means +_ S.E.M. for 6-12 observations per group. EDL 
muscles from control (open bars) and 5-day streptozotoein-induced 
diabetic (striped bars) rats were incubated for 90 and 180 rain in the 
absence or presence of I00 nM insulin during the last 60 rain of 
incubation. In the last 30 rain of the incubation period, MeAIB uptake 
was ass~sed. "Significant dilT,,rcnce b~tw~n control and diabetic 
groups, at P < 0,0:5. Differences between groups incubated for90 and 
180 rain were statistically sil~nifieant under all conditions ubjected to 
study, at P < 0.05. 
Our results agree with an earlier study in which an 
increased accumulation of ~-aminoisobutyric acid was 
detected in diaphragm uscle from alloxan-induced di- 
abetic rats [25]. 
Regarding the mechanisms by which diabetes leads to 
activation of muscle system A, it is unlikely that anti- 
insulinic hormones, such as cateeholamines or gluco- 
corticoids, are involved. Thus, incubation of EDL mus- 
cles for 3 h in the presence of either I pM isoproterenol 
or 100 nM dexamethasone did not modify system A 
transport activity (data not shown). System A transport 
activity might be activated uring diabetes by modifica- 
tion of wans-inhibition or by an increase in the Na ÷ 
electrochemical gradient, however, it is also unlikely 
that these factors contribute to diabetes-induced activa- 
tion of system A, based on the following evidence: (i) the 
intracellular concentration of amino acids is markedly 
increased in muscle from diabetic rats [24], which in 
theory should enhance the trans-inhibition of system A, 
and therefore lead to its inhibition, and (ii) it has been 
reported that streptozotocin-induced diabetes causes an 
increase in the intracellular concentration f Na* in rat 
soleus muscle [26], i.e. a decrease in the Na + electro- 
chemical gradient. Based on all these considerations, we 
favor the view that short-term diabetes either increases 
the number of A carriers present in skeletal muscle at 
the cell surface or activates the intrinsic activity of car- 
riers already localized at the plasma membrane. 
Also of interest, we have found that insulin.induced 
53 
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system A is enhanced in muscle from diabetic rats com- 
pared to controls. Thin has allowed us to detect a disso- 
ciation between basal and insulin-stimulated system A 
transport activities in control and diabetic muscles. 
Bearing in mind that insulin stimulates ystem A by a 
rapid mechanism which increases the V,~ of transport 
and which is independent of protein synthesis, microtu- 
bale and microfilament function and Na ~ electrochemi- 
cal gradient [6,10], the existence of a dissociation be- 
tween basal and insulin-stimulated system A transport 
might be explained either by an insulin-stimulated 
translocation of system A from an intracellular site to 
the cell surface or via activation of the intrinsic activity 
of carriers. 
The release of alanine from muscle is increased in 
experimental diabetes [l 7], which has been explained by 
a decreased protein synthesis and an increased proteo- 
lysis [l 3-16], however, based on measurements of mus- 
cle cell/plasma ratios and arteriovenous differences 
across the hindquarter performed in diabetic rats for 
alanine, Ruderman and co-workers suggested that al- 
terations in the transport of alanine across the muscle 
cell membrane might have a major role in determining 
the magnitude and the direction of alanine flux in the 
diabetic condition [27]. Our results suggest hat the acti- 
vated system A might participate in the enhanced ala- 
nine transport out of the muscle cell that occurs in 
diabetes. 
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